The optical properties of single crystals of strontium barium niobate, grown from the congruently melting composition and doped with different amounts of europium, are investigated. Absorption and emission spectra are measured in the visible and infrared spectral regions at different temperatures. From the spectra, conclusions on the structural sites can be drawn, revealing the major occupations of the B1 and B2 sites, and a minor one of the A2 site. The data are used to calculate crystal-field parameters for the mainly occupied site. A Judd-Ofelt analysis shows that the radiative quantum efficiency is approximately 70%. Furthermore, the influence of europium doping on the phase-transition temperature is determined.
I. INTRODUCTION
Due to its interesting nonlinear optic, electro-optic, photorefractive, and dielectric properties, the solid solution strontium barium niobate, Sr x Ba 1−x Nb 2 O 6 -henceforth denoted as SBN-has gained considerable interest for potential applications. These include pyroelectric detection, 1 surface acoustic wave devices, 2 electro-optic modulation, 3 holographic data storage, 4 phase conjugation, 5 quasi-phasematched optical frequency doubling, 6 and the generation of photorefractive solitons. 7 SBN crystallizes in tetragonal tungsten bronze structure over a wide solid solution range, the existence region of this tetragonal phase had been recently determined 8 to be 0.32Յ x Յ 0.82. Throughout this tetragonal phase, SBN is ferroelectric at low temperatures ͑point group, 4 mm͒ and paraelectric at high temperatures ͑point group, 4/m mm͒. The Curie temperatures vary from 290 ͑x = 0.82͒ to 500 K ͑x = 0.32͒. 9 Dopants have been shown to modify the properties of SBN distinctly. Thus, e.g., the Curie temperature can be greatly varied by doping with cerium and chromium. 10 To date, however, only few is known about luminescent dopants in SBN. Such dopants could be used to tailor the fluorescence properties of SBN for applications as, for instance, self-frequency converter laser materials. 11 Several investigations have been performed on trivalent lanthanide ions ͑see, e.g., Refs. 12-16͒. One of the most interesting of these trivalent dopants is europium, Eu 3+ , on which our present investigations will concentrate. Eu 3+ is known as an efficient red phosphor widely used in color cathode-ray tubes. As its optical properties are determined by the f-shell electrons, which are only slightly influenced by the environment, it can also be used in crystals as an efficient fluorescence dopant. Besides its interesting luminescence properties, Eu 3+ ions are excellent optical probes because of the relative simplicity of its energy-level structure and the single degeneracy of both the initial states for absorption ͑ 7 F 0 ͒ and emission ͑ 5 D 0 ͒. Still an open question is the preferred structural site, on which Eu 3+ ions are incorporated ͑see, for instance, Refs. 15 and 16͒. Concerning their ionic radius, Eu 3+ ions would be fitting into any of four different sites in the crystal frame of SBN including A1-partially occupied by Sr ions, A2-partially occupied by Sr or Ba ions, and B1 and B2-both occupied by Nb ions.
In this paper, we will present comprehensive experimental results on Eu 3+ in SBN concerning distribution coefficients, influence on the phase transition, and optical absorption and emission. In addition, some implications are derived-site occupancies, energy levels, crystal-field parameters, JuddOfelt parameters, emission rate, and quantum yield.
II. CRYSTAL GROWTH AND PREPARATION
The crystals for our investigations were grown from the congruently melting composition of SBN ͑Sr x Ba 1−x Nb 2 O 6 with x = 0.61͒ using the Czochralski technique. Details of the growth process are described in Ref. 8 . Eu 2 O 3 was added to the melt in a series ranging from 0 to 2 mol %. To determine the crystal composition and the distribution coefficient for europium between melt and crystal, accurate x-ray fluorescence spectra were measured and evaluated ͑for details of the measurement and the evaluation procedure, see Ref. 8͒.
Our measurements revealed a distribution coefficient,
which turned out to be approximately constant within our doping range. Throughout this paper we will characterize the samples by their solid composition, i.e., the europium content in the crystal, expressed as molar percentage of Eu per Nb or-which is accordingly equal-as molar percentage of Eu 2 O 3 per Sr x Ba 1−x Nb 2 O 6 . The crystal structure of SBN is tetragonal with point symmetry 4/m mm in the unpolar paraelectric high-temperature phase and with point symmetry 4 mm in the polar ferroelectric low-temperature phase, respectively. Thus the crystals are optically uniaxial in both phases with the crystallographic c axis being the optical axis. For the optical measurements, therefore, samples were cut to a typical size of 5 ‫ء‬ 5 ‫ء‬ 5 mm 3 , precisely oriented with respect to the crystallo-graphic axes, and polished to optical quality. The measurements, thus, could be performed in all three essential geometric configurations for optically uniaxial crystals: ͑i͒ ␣: Light propagation parallel to the crystallographic c axis and light polarization perpendicular to the c axis.
͑ii͒ : Light propagation perpendicular to the crystallographic c axis and light polarization parallel to the c axis.
͑iii͒ : Light propagation perpendicular to the crystallographic c axis and light polarization perpendicular to the c axis.
III. EXPERIMENT RESULTS

A. Phase transition temperature as a function of Eu doping
Dopants are known to influence the transition temperature region from the paraelectric to the ferroelectric phase of SBN distinctly. This previously was found, e.g., for doping with cerium or chromium. 10, 17 Usually this transition temperature is defined by direct pyroelectric measurements of the polarization decay when heating previously poled samples. 9 To measure this transition temperature, however, both on heating and cooling, we applied optical second-harmonic measurements on unpoled samples yielding the temperature dependence of the secondharmonic intensity I SHG ͑T͒. As fundamental light source, a pulsed Nd:yttrium aluminum garnet ͑YAG͒ laser was used ͑with repetition rate of 20 Hz, pulse width of 5 ns, and pulse energy of 50 mJ͒. The sample heating and cooling rate during the measurements was approximately 40 K/h.
The second-harmonic intensity is proportional to the square of the effective tensor element of the second-order nonlinear susceptibility, which in turn is proportional to the ferroelectric polarization,
Thus from the second-harmonic measurements, the temperature dependence of the ferroelectric polarization P͑T͒ for heating and cooling can be derived. The inflection point T i of this temperature dependence usually is regarded to define the transition temperature or ͑better͒ transition region ͑Curie region͒ in a relaxor ferroelectric. 10 The results of these measurements are summarized in Fig.  1 . The thus defined transition temperatures T i depend linearly on the europium concentration c Eu both for heating and cooling
The phase transition is strongly shifted to lower temperatures by the Eu doping. The results further show that the difference between T i,up and T i,dn increases with the europium content ͑temperature difference between the two fits in Fig. 1͒ . This indicates a respective broadening of the phase transition's hysteresis with higher doping, i.e., a considerable increase in the relaxor behavior. Thus europium, besides affecting the optical properties, turns out to be an effective tool for tailoring the phase transition of SBN.
IV. ABSORPTION SPECTRA
Polarized optical-absorption measurements in the visible and near-infrared spectral regions were performed using a Bruins Instruments Omega 10 spectrometer. The wavelength accuracy of the instrument is approximately 0.1 nm in the visible region and 0.5 nm in the infrared region. The spectra were measured with 0.6 nm resolution in the visible region and approximately 12 nm resolution in the infrared region, respectively. The sample temperature could be varied between 10 and 300 K using a closed-cycle cooling system. Figure 2 shows the europium absorption lines in the visible region for the three relevant polarizations, ␣, , and , measured at a temperature of 300 K in a crystal with an Eu concentration of 0.98 mol %. The absorption lines are labeled each with the respective electronic transitions involved. The assignments are made according to the data for the free-ion energy-level scheme of Eu 3+ measured by Carnall et al. 18 and to the data of the rare-earth-ion energy levels given by Dieke. 19 Because of its close proximity to the ground state 7 F 0 , the first-excited state 7 F 1 is thermally populated at room temperature. Thus various transitions originating from 7 F 1 are visible in the room-temperature absorption spectrum.
It should be already noted here that the transition 7 F 0 ⇒ 5 D 0 is only visible in the -polarized spectrum. This will allow important conclusions on the site symmetry of the europium ion ͑see Sec. V A͒. From the polarization properties of the spectra, one can further derive that the transition 7 F 1 ⇒ 5 D 0 shows an expressed magnetic dipolar behavior. All other transitions seem to be of dominantly electric dipolar character without any peculiarities.
To check the level assignments-especially those involving the 7 F 1 level-and to get more information about the short-wavelength transitions, we additionally measured the absorption spectra at 10 K. The band edges are known to be shifted by more than 20 nm to the UV region when the temperature is changed from room temperature to below 50 K. 20 The low-temperature spectra for the visible region are shown in Fig. 3 . All lines due to transitions originating from 7 F 1 are now absent and additional near-UV transitions are found.
In the near-infrared spectral region, the transition from 7 F 0 and 7 F 1 to the 7 F 6 level could be detected. Again, due to the temperature dependent occupation of the 7 F 1 level, the transition originating thereof is missing at low temperatures. The spectra for 300 and 10 K, respectively, are sketched in Fig. 4 .
Measurements on crystals with different Eu concentrations revealed a strictly linear dependence of the absorbance on concentration, even up to the highest doping levels. No saturation effects could be found. Moreover, the line shapes, too, did not show any dependence on the Eu concentration.
A. Luminescence spectra
Emission spectra due to transitions starting from the 5 D 0 level were measured using a 532 nm frequency-doubled Nd:YAG laser as excitation source and a 0.75 m monochromator in combination with a photon counting system for detection.
The room-temperature spectra for the three polarizations are compared in Fig. 5 . Features already suspected from the absorption spectra also show up in the luminescence spectra:
͑1͒ The emission due to the transition
To get, in addition, an overview over the higher 5 D states, luminescence spectra were measured using a semiconductor laser source at 390 nm for excitation. This excitation gives rise to a transient occupation of the higher 5 D states, result- ͑Color online͒ Absorption lines of europium ions in SBN in the infrared spectral region originating from the transitions 7 F 0 , 7 F 1 ⇒ 7 F 6 for the three polarizations ␣, , and at a temperature of 300 ͑left͒ and 10 K ͑right͒, respectively. In the lowtemperature spectrum the transition originating from 7 F 1 near 2200 nm is missing due to the low occupation of this level at low temperature. ͑Color online͒ Emission spectra of europium ions in SBN at room temperature for the three relevant polarizations ␣, , and . The vertical scalings for the three polarizations are given in corresponding arbitrary units. For a better comparison, ␣ polarization was measured using a polarizer, too. Omitting it would yield an intensity more than twice as high. ing in extremely weak emission bands connected with transitions to 7 F states thereof. Figure 6 shows these spectra for and polarizations. All energy levels derived from the absorption and the emission lines, so far, are used for the theoretical evaluation of the energy parameters for the system SBN:Eu and are summarized in the respective chapter ͑see Table III͒. Compared to the room-temperature spectra of Fig. 5 , the according low-temperature emission spectra show up the same lines in nearly all region, although slightly narrower and more expressed. In the region of the 5 D 0 ⇒ 7 F 0 , 7 F 1 transitions, however, additional distinct lines appear in the lowtemperature emission spectra, which are extremely narrow ͑half widths less than 0.5 nm͒ compared to all other lines. These lines are most expressed in the -polarized emission. These additional lines are shown in Fig. 7 , one in the region of the 5 D 0 ⇒ 7 F 0 and three near the 5 D 0 ⇒ 7 F 1 transition. For the other transitions, probably due to their wider multiplet splitting, it was not possible to resolve such additional lines.
B. Lifetimes
The total lifetime of the starting level 5 D 0 for the emission lines was measured using pulsed excitation at 532 nm and photon counting techniques. Measuring at different spectral positions of the broader lines, we could detect a very small variation of the lifetime with a total variation ͑full width of the distribution͒ of approximately 7%. This is a hint that the respective site experiences different environments. However, no clear assignment to only few environments could be stated, thus, a larger number of different environments must be assumed ͑see discussion in Sec. IV A͒.
Due to this, we restricted our investigations to the several line centers selected of the broader lines starting at 5 D 0 . All these measurements showed a strictly exponential decay of the intensity with a time constant unique for certain europium concentration and temperature but irrespective of the final state of the transition. This exponential behavior was verified in a temperature range from 10 to 400 K for all europium concentrations investigated ͑0.1-1.5 mol %͒. We further found that the narrow lines ͑see Fig. 7͒ , which we only could detect in the low-temperature spectra, show a lifetime that is approximately 10% larger than the average one of the broad lines.
For the broader lines for all compositions, nearly the same lifetime of approximately 1 ms was found up to the phasetransition region. This indicates that nonlinear effects such as excited-state absorption or energy-transfer upconversion do not affect the lifetimes-not even at high doping levels. For temperatures above the phase transition, however, the lifetimes decrease considerably. The results for temperatures above the phase-transition regions are summarized in Fig. 8 . The effect of the phase transition on the lifetime for the respective concentrations ͑see Fig. 1͒ is obvious for all concentrations plotted. An intrinsic temperature quenching of the europium ions as an explanation for this decrease in lifetime can be excluded. Measurements of the temperature de- 
V. THEORY EVALUATIONS
A. Site symmetry
For the inclusion of Eu 3+ ions in the crystal frame of SBN, four different sites are available: A1, A2, B1, and B2, whereas site C is regarded as being too small for the inclusion of such ions ͑for a detailed description of the crystal structure, see, for instance, Refs. 22-24͒. A1, surrounded by 12 oxygen ions, is partly occupied by Sr, A2, surrounded by 15 oxygen ions, partly by Sr or Ba, and both B1 and B2, surrounded by slightly distorted oxygen octahedra, are usually occupied by Nb. The local symmetries of these sites are listed in Table I together with the multiplicities and polarizations to be expected for the electric-dipole ͑ED͒ 5 D 0 − 7 F 0 and the magnetic-dipole ͑MD͒ 5 D 0 − 7 F 1 transitions of europium.
The comparison with the experimental spectra shows that B1 must be assumed to be the site mainly occupied by Eu 3+ ions. Only this is compatible with the basic polarization properties of the spectra. However, in the absorption and emission spectra, both minor intensities for the 5 D 0 − 7 F 0 transition are also measured for polarization. This indicates the occupation of additional sites. As these lines are lying at practically the same energies as the main lines, a similar environment for Eu 3+ , as for the B1 sites, must be assumed. This is a strong indication for B2 sites, as approximately the same Eu-O distances therein as for B1 sites are in effect, leading to a similar crystal-field shift.
The relatively large widths of the main lines ͑Ϸ2 nm for the 5 D 0 − 7 F 0 transition centered at 580 nm͒ suggest that either more than the two sites, B1 and B2, are involved or that these sites experience different environments in the crystal lattice. A closer look on the crystal structure of SBN yields the explanation. Sr x Ba 1−x Nb 2 O 6 crystallizes in a so-called unfilled tungsten bronze structure with an intact frame structure consisting of slightly distorted oxygen octahedra. Two different sites at the centers of these octahedra, B1 and B2, are usually occupied by Nb ions. The Sr and Ba ions, however, don't completely fill this frame structure: on average, five of these ions are distributed among six sites, two for A1 and four for A2. X-ray diffraction measurements 24 have shown-for the crystal composition we used here ͑x = 0.61͒-that 72% of the A1 sites and 41% of A2 the sites are occupied by Sr, 48% of the A2 sites by Ba, and the remaining sites remain unoccupied. For the B1 sites, the nearest-neighbor shell is intact, consisting of six oxygens. The second-nearest-neighbor shell, however, contains four A2 sites. Considering the site symmetry, this yields 45 different combinations of Sr-occupied, Ba-occupied, and empty sites, all causing ͑at least slightly͒ different crystal fields. Their statistical weight spans from 0.014% ͑all surrounding A2 empty sites͒ to 9.2% ͑two different configurations of three Ba and one Sr͒. The purely statistical distribution, however, might be modified due to thermodynamic reasons during crystal growth. For the B2 sites, the situation is even more complicated. There are, in addition to the four A2 sites, two A1 sites in the second-nearest-neighbor shell. Furthermore, the symmetry of B2 is lower than that of B1. This yields 324 different combinations of Sr-occupied, Baoccupied, and empty A sites around B2. This variation in the second-nearest-neighbor environment of the B1 and B2 sites, due to the intrinsic statistical disorder typical for the unfilled tungsten bronze structure, explains the relatively large width of the corresponding lines. It also explains why this large linewidth persists down to low temperatures: the crystal-field variation due to statistical disorder should not depend on temperature. In contrast to the B1 and B2 sites, the A1 and A2 sites are surrounded by the intact frame structure of NbO 6 octahedra without any intrinsic variation in the second-nearest-neighbor shell. For A sites, therefore, no inhomogeneous broadening of the lines is to be expected ͑see also Sec. IVC͒.
Complementary to our present results, recent extended x-ray-absorption fine structure measurements show that in SBN crystals grown at lower temperature by spontaneous nucleation in a flux, Eu 3+ ions mainly occupy A1 sites. 25 This indicates that the favored structural site distinctly depends on the temperature at which the thermodynamic equilibrium is established. In crystals slowly grown at higher temperatures, the B1 sites are favored, whereas in crystals grown faster at lower temperatures, the thermodynamic equilibrium seems to be shifted toward the A1 sites.
B. Energy levels
The optical transitions in the electronic structure of Eu 3+ occur within the energy levels of the 4f shell filled with 6 electrons ͑4f 6 structure͒. These energy levels are only slightly influenced by the crystalline environment. Thus, the influence of the crystal field can be treated as a small perturbation to the free-ion energy levels.
The total effective-operator Hamiltonian for the free-ion energy levels usually is written as 26 3, 4, 6, 7, 8 
͑5͒
Therein the first three terms denote Coulomb and spin-orbit interactions. The ␣, ␤, and ␥ terms are corrections due to 
where the i summation is over all electrons of interest, B q k are the crystal-field parameters, and C q ͑k͒ are the components of tensor operators C k that transform like spherical harmonics. The parameters in the complete Hamiltonian can be derived for a specific system from a fit to experimentally determined energy levels for this system. For SBN:Eu, we derived the experimental energy levels from the transitions measured in absorption and emission using a least-square-fit approach. Generally all parameters of the free-ion and the crystal-field Hamiltonian could be varied to get an optimal fit to the experimental data. To reduce the degrees of freedom, however, we restricted the fit to the crystal-field parameters and kept fixed values for the free-ion parameters that were taken from literature. 27 For the calculation of the fit, we used the f -shell routines provided by M. F. Reid. For the symmetry of the crystal field, we assumed C 2v ͑symmetry of the dominant structural site B1, see Sec. IV͒.
Our results are summarized in Table II , where all fit parameters are listed, and in Table III , where the values for the experimentally determined and for the fitted energies are presented.
The standard deviation STD for our fit was
where ⌬E i are the differences between experimental and fitted energies, m is the number of experimental energy levels included in the fit, and p is the number of varied parameters.
C. Additional site
As shown in Sec. IIIC, a series of comparably sharp lines is found in the luminescence spectra under special excitation conditions ͑Fig. 7͒. Special conditions mean low temperature and excitation with 532 nm laser light. A closer inspection of the luminescence spectra at room-temperature and normal excitation conditions ͑Fig. 5͒ shows that these lines also show up as a marginal shoulder at the high-energy side of the 5 D 0 ⇒ 7 F 1 band. From these facts an additional structural site must be concluded, which, however, is only marginally occupied.
Only the four sharp lines shown in Fig. 7 could be identified in the spectra to be connected with the additional site. The energies derived from these lines are listed in Table IV in comparison to the energies of the main sites.
The properties of the additional site can be summarized as follows:
͑1͒ The degeneracy of the 7 F 1 level is lifted, the transition 5 D 0 ⇒ 7 F 1 shows three lines. ͑2͒ The splitting of the 7 F 1 level is moderate, which means a minor effect of the crystal field. ͑3͒ The energy of the 5 D 0 level is typical for ionic environments, i.e., large Eu-O distances. 28, 29 ͑4͒ The small half width of the bands hints on a single site without inhomogeneous broadening, i.e., experiencing an environment, which is identical throughout the crystal lattice.
Taking into account all properties listed, one must conclude on A2 as an additional site. At this site, partly occupied by Sr or Ba, there are the largest distances to the surrounding oxygen ions. A1, albeit also exhibiting large distances to the oxygens, can be excluded as the 7 F 1 degeneracy should only be partially lifted ͑due to the C 4 symmetry only two levels should be expected, see Table I͒ . Furthermore, concerning the crystal structure ͑see discussion above͒, the A sites are surrounded by a second-nearest-neighbor shell, which consists of Nb-filled oxygen octahedra. This environment should not show any variation through the crystal lattice. So the narrow linewidth found is also compatible with the A2 site. Thus, the major part of Eu 3+ occupies B1 and B2 sites while a minor part-not exceeding some percent-is found on A2 sites.
D. Judd-Ofelt analysis
According to the theory of Judd 30 and Ofelt, 31 the line strengths for electric-dipole transitions can be referred to three intensity parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 , the so-called Judd-Ofelt parameters. The line strength for a transition from an initial multiplet J to a final one JЈ is given by
In Eq. ͑8͒, the ͉͗ʈU ͑t͒ ʈ͉͘ 2 are the squared reduced matrix elements of the unit tensor operators U ͑t͒ connecting the initial and final multiplets. Values for these matrix elements have been calculated by Carnall et al. 18 On the other hand, experimental line strengths can be derived from absorption measurements
Here, the integral has to be calculated over the respective absorption band with being the mean wavelength of the band. N is the concentration of Eu 3+ ions in the crystal, effective for the respective transition, n is the refractive index, and c, h, ⑀ 0 , and e are the usual constants.
In optically anisotropic crystals, several properties depend on the light polarization; thus, for the absorbance integral and for n, the values for the respective polarization have to be used, resulting in polarization-dependent values S and ⍀. SBN is optically uniaxial; thus, one has to distinguish between two light polarizations: the ordinary one parallel to the crystallographic x-y plane and the extraordinary one parallel to the crystallographic z axis. As effective values for S and ⍀, the appropriate spatial averages may be used.
For the case of Eu 3+ , an additional slight complication has to be included. Absorption bands are starting from 7 F 0 and from 7 F 1 levels; the energy difference between these levels is approximately 350 cm −1 , thus their thermal occupancy has to be taken into account when calculating the relevant Eu 3+ concentration N in the crystals.
Equations ͑8͒ and ͑9͒ define a system of linear equations for the ⍀ t , which is usually overdetermined. It can be solved by applying a conventional least-square-fit solution scheme. Using our absorption spectra, appropriate refractive indices, 20 and the matrix elements calculated by Carnall et al., 18 we calculated the ⍀ t for different concentrations of Eu 3+ . The values derived did not show any expressed dependence on the concentration, which proves that-up to our highest concentrations-no interaction effects between different Eu 3+ ions take place. The ⍀ values for the relevant light polarizations are summarized in Table V .
E. Spontaneous emission rates
Using the Judd-Ofelt parameters and the appropriate transition matrix elements, the spontaneous emission rates for the transitions starting at the 5 
VI. SUMMARY
Strontium barium niobate crystals with different amount of europium doping have been grown from the congruently melting composition. Absorption and emission spectra show that different structural sites are occupied. The main features of the spectra can be explained by one major occupied site, B1. Additional features, however, show that the B2 site must also be occupied. Thus Eu 3+ ions mainly substitute Nb ions in SBN. Extremely narrow, rather weak lines found in the low-temperature spectra, however, strongly hint on a minor occupation of A2 sites, too.
We could, furthermore, show that europium doping strongly affects the transition temperature from the lowtemperature ferroelectric to the high-temperature paraelectric phase of SBN. This transition temperature decreases linearly from 350 K for undoped SBN to approximately 300 K for a doping level of 1.2 mol % europium. On the other hand, the phase-transition influences the total lifetime: a decrease from approximately 1 ms in the ferroelectric phase to 0.3 ms at temperatures approximately 100 K beyond the phasetransition temperature is found.
The crystal-field parameters for the symmetry of the B1 site ͑C 2v ͒ were derived from a fit to the experimental data. The fit shows that the data are well compatible with C 2v symmetry. The Judd-Ofelt parameters were determined from a least-squares evaluation of several absorption bands. From these parameters the spontaneous emission rates are calculated, yielding a total radiative emission rate for the 5 
